The peptide leptin conveys the availability of adipose energy stores to the brain. Increasing evidence implicates a significant role for extrahypothalamic sites of leptin action, including the dorsal vagal complex, a region critical for regulating visceral parasympathetic function. The hypothesis that leptin suppresses cellular activity in the dorsal motor nucleus of the vagus nerve (DMV) was tested using whole-cell patch-clamp recordings in brainstem slices. Leptin caused a rapid membrane hyperpolarization in 50% of rat DMV neurons. Leptin also hyperpolarized a subset of gastric-related neurons (62%), identified after gastric inoculation with a transneuronal retrograde viral tracer. The hyperpolarization was associated with a decrease in input resistance and cellular responsiveness and displayed characteristics consistent with an in- T HE ADIPOCYTE-DERIVED HORMONE leptin communicates changing energy needs to the brain, and evidence suggests that the leptin pathway plays a significant role in body weight control (1). Selective deletion of leptin receptors from proopiomelanocortin neurons in the arcuate nucleus or from the ventromedial hypothalamus results in obesity (2, 3). However, the degree of obesity is only a fraction of that observed with total leptin deficiency. These results suggest that the body weight and food intake effects of leptin are mediated by a distributed network of leptin-responsive cells that includes hypothalamic and brainstem autonomic control areas (4). Although leptin effects in these areas have been identified, they have not been widely studied (5-7).
The peptide leptin conveys the availability of adipose energy stores to the brain. Increasing evidence implicates a significant role for extrahypothalamic sites of leptin action, including the dorsal vagal complex, a region critical for regulating visceral parasympathetic function. The hypothesis that leptin suppresses cellular activity in the dorsal motor nucleus of the vagus nerve (DMV) was tested using whole-cell patch-clamp recordings in brainstem slices. Leptin caused a rapid membrane hyperpolarization in 50% of rat DMV neurons. Leptin also hyperpolarized a subset of gastric-related neurons (62%), identified after gastric inoculation with a transneuronal retrograde viral tracer. The hyperpolarization was associated with a decrease in input resistance and cellular responsiveness and displayed characteristics consistent with an in- T HE ADIPOCYTE-DERIVED HORMONE leptin communicates changing energy needs to the brain, and evidence suggests that the leptin pathway plays a significant role in body weight control (1) . Selective deletion of leptin receptors from proopiomelanocortin neurons in the arcuate nucleus or from the ventromedial hypothalamus results in obesity (2, 3) . However, the degree of obesity is only a fraction of that observed with total leptin deficiency. These results suggest that the body weight and food intake effects of leptin are mediated by a distributed network of leptin-responsive cells that includes hypothalamic and brainstem autonomic control areas (4) . Although leptin effects in these areas have been identified, they have not been widely studied (5-7).
The dorsal vagal complex (DVC) is an autonomic regulatory center located in the caudal medulla. Primary viscerosensory information is processed within the nucleus tractus solitarii (NTS) and subsequently relayed to the dorsal motor nucleus of the vagus nerve (DMV). Neurons of the DMV are the central origin of parasympathetic motor efferents that innervate corresponding postganglionic neurons in the viscera, especially the gastrointestinal tract. The NTS also contains fenestrated capillaries, potentially allowing circulating peptides, like leptin, access to the vagal complex (8, 9) . The DMV is adjacent to the NTS, and most neurons have dendrites extending into the NTS. Also, unlike some peripherally produced peptides, leptin can be transported across the blood-brain barrier (10) . Therefore, neurons in the DMV are receptive to changes in synaptic input from the NTS, and their activity may also be influenced directly by peripheral metabolic cues like leptin (11, 12) .
Recent studies have reported leptin receptor gene expression in the dorsal vagal complex, including the DMV (5) . In addition, fourth ventricle administration of leptin reduces food ingestion and weight gain within 24 h, and these effects are mimicked by microinjection of the peptide into the DVC (5) . Several studies have shown heterogeneous responses to leptin in different central nervous system nuclei (13) (14) (15) . Within the caudal NTS, leptin hyperpolarized most neurons via activation of an ATP-sensitive K ϩ (K ATP ) conductance and reduced excitatory, but not inhibitory, synaptic inputs, including in those premotor neurons related to gastric function (7) . These data indicated an inhibition of putatively non-GABAergic NTS neurons, which may contribute to local circuit control within the vagal complex. As such, leptin would be expected to suppress viscerosensory and other excitatory activity related to visceral autonomic function,
Tissue preparation
Whole-cell patch-clamp recordings were made in transverse brainstem slices (300 -400 m) containing the DMV from rats (21-60 d old). Under deep anesthesia (sodium pentobarbital; 100 mg/kg, ip) or halothane inhalation, animals were decapitated and the brainstem removed and immersed in ice-cold (0 -4 C), oxygenated (95% O 2 /5% CO 2 ) artificial cerebrospinal fluid (ACSF) containing (in mm) 124 NaCl, 3 KCl, 26 NaHCO 3 , 1.4 NaH 2 PO 4 , 11 glucose, 1.3 CaCl 2 , and 1.3 MgCl 2 (pH 7.3-7.4), with an osmolality of 290 -305 mOsm/kg. The brainstem then was mounted on a glass stage, and transverse slices were cut with a vibratome. The slices were then transferred to a submersion-type recording chamber mounted on a fixed-stage platform under an upright microscope (Olympus BX50WI, Melville, NY).
After an equilibration period of 1-2 h, whole-cell patch-clamp recordings were obtained from neurons in the DMV using patch pipettes with open tip resistance of 2-5 M⍀. Seal resistance was 1-5 G⍀, and series resistance was less than 24 M⍀, uncompensated. Patch pipettes were filled with (in mm) 130 -140 K ϩ or Cs ϩ gluconate or KCl, 1 NaCl, 5 EGTA, 10 HEPES, 1 MgCl 2 , 1 CaCl 2 , 3 KOH or CsOH, 2-4 ATP, and 0.2% biocytin (pH 7.2). Added to the ACSF for specific experiments were tetrodotoxin (TTX; 2 m; Sigma Chemical Co., St. Louis, MO, or Alomone Labs, Jerusalem, Israel), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 m; Sigma), bicuculline methiodide (30 m; Sigma), picrotoxin (50 -100 m; Sigma), dl-2-amino-5-phosphono-valeric acid (AP-5; 50 m; Sigma), diazoxide (200 m; Sigma), tolbutamide (200 m; Sigma), wortmannin (10 -100 nm; Alomone Labs), and leptin (3 nm to 1 m; Sigma or PeproTech, Rocky Hill, NJ). Wortmannin and diazoxide were dissolved in dimethylsulfoxide and added to ACSF to obtain a final dimethylsulfoxide concentration of less than 0.1%. Picrotoxin and tolbutamide were dissolved in 100% ethanol, with the final ethanol concentration in ACSF of less than 0.5%. Leptin (Sigma) was reconstituted in 15 mm HCl, pH normalized with NaOH. For all solvents, vehicle alone at the final concentration was without effect in separate recordings from DMV neurons. All other drugs were dissolved directly in the ACSF. Leptin was typically bath applied for 5-8 min and then removed from the perfusion system. A change in membrane potential was required to be at least 2 mV in amplitude, the onset was required to be associated temporally with the leptin application (i.e. usually beginning at about 2 min after changing solutions, the time it took for leptin to arrive at the recording chamber), and the response had to be saturated and stable within a few minutes (i.e. did not continually change) and had to be reversible or partially reversible upon washout of the drug. The value of the membrane potential was measured at a specific time after leptin application (i.e. 3-4 min after the drug arrived in the chamber). For some experiments, slices were perfused with ACSF containing 2.5 mm glucose by replacing glucose with equiosmolar amounts of sucrose.
Recording pipettes were pulled from borosilicate glass capillaries of 1.65 mm outer diameter and 0.45 mm wall thickness (Garner Glass Co., Claremont, CA). Electrophysiological signals were recorded using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA), low-pass filtered at 5 kHz, digitized at 88 kHz (Neuro-corder; Cygnus Technology, Delaware Water Gap, PA), stored on videotape, and analyzed off-line on a PC using pCLAMP programs (Axon Instruments) or Minianalysis (Synaptosoft, Decator, GA). Recordings were performed under visual control in a recording chamber on an upright, fixed-stage microscope equipped with infrared differential interference contrast and epifluorescence (Olympus BX50WI). Epifluorescence was briefly used to target fluorescent cells, at which time the light source was switched to infrared differential interference contrast to obtain the whole-cell recording. Once in the whole-cell configuration, cells were voltage clamped for 5 min near resting membrane potential (determined by temporarily removing the voltage clamp) to allow equilibration of recording-pipette contents with the intracellular milieu. Synaptic currents were examined at holding potentials positive and negative to resting membrane potential [Ϫ30 to 0 mV for inhibitory postsynaptic currents (IPSCs) and Ϫ60 to Ϫ80 mV for excitatory postsynaptic currents (EPSCs)]. Rat DMV neurons received EPSCs and IPSCs, which could be entirely blocked by application of ionotropic glutamate receptor antagonists (i.e. CNQX and AP-5) or GABA A receptor antagonists (i.e. picrotoxin or bicuculline), respectively, as previously described (20, 21, 24, 25) . Current-clamp (i.e. voltage) recordings were performed at resting membrane potential. Input resistance was assessed by measuring the voltage deflection at the end of the response to injected rectangular current pulses (100 -500 ms of Ϯ10 -50 pA).
Stimulation and recording
Electrical stimulation of DMV afferents (putatively originating from the NTS) was performed using a concentric bipolar electrode (125 m outer diameter, 12.5 m inner diameter; FHC, Bowdoinham, ME) placed over the NTS. The stimulus intensity required for minimal response was determined, and then the intensity was increased until a constant-latency response was consistently obtained over 10 consecutive stimuli at 4-to 5-sec intervals (0.20 -0.25 Hz). At these stimulation intervals, the PSC amplitude was relatively consistent from pulse to pulse and recovered fully before application of subsequent stimuli. Pairs or trains of stimuli Hz interpulse frequency for EPSCs and 10 -25 Hz interpulse frequency for IPSCs) were applied to establish constant-latencyevoked PSCs and paired-pulse ratios (20, 21, 25, 26) .
Caged glutamate photolysis
Similar to previous descriptions of glutamate photolysis in the vagal complex (19, 20, 24) , ␥-(-carboxy-2-nitrobenzyl) ester, trifluoroacetic acid salt (i.e. CNB-caged glutamate, 250 m; Molecular Probes, Eugene, OR) was added to recirculating ACSF and uncaged using brief pulses of UV light directed into the slice. Fluorescent light (UV filter; Chroma Technology, Rockingham, VT) was directed onto the slice through the ϫ40 objective used to obtain the recording. The objective was initially positioned directly over the recorded cell to observe a direct glutamateinduced inward current. It was then moved progressively further away from the recorded cell until a photolysis-mediated increase in synaptic events was found. Uncaging glutamate directly onto the recorded neuron (10-to 20-sec interval, 20-to 50-msec exposure) resulted in a fast inward current (50 -200 pA at a holding potential of Ϫ60 mV). Exposure time was electronically controlled using a shutter (Vincent Associates, Rochester, NY). Opening the shutter with no UV filter or with other filters in place (e.g. fluorescein isothiocyanate) did not result in uncaging. The effective diameter of the uncaging (50 -100 m) was set by apertures in the light path and measured by moving the center of the illumination away from the cell and testing for a direct inward current after uncaging. The distance the objective was moved was analyzed post hoc by comparison with a scale micrometer (Microbrightfield, Williston, VT). No synaptic responses were observed when photolytic uncaging of glutamate occurred on the tractus solitarius (TS) or at sites just outside the NTS (which were used as negative controls).
Analysis
A value of twice the mean peak-to-peak noise level for a given recording in control solutions was used as the detection limit for minimal PSC amplitude (i.e. typically 5-10 pA). For spontaneous EPSCs and IPSCs (sEPSCs and sIPSCs), at least 2 min of activity was examined to identify leptin effects on amplitude and frequency distributions. Effects of leptin on spontaneous PSC frequency before, during, and after drug application were analyzed within a recording using the KolmogorovSmirnov (K-S) test (a nonparametric, distribution-free goodness-of-fit test for probability distributions). Typically, 100 -300 events were compared for each condition. Pooled results from responding cells were analyzed using a paired t test; multiple groups of cells were compared using ANOVA. Proportions of responding cells from different groups were analyzed using a 2 test of independence. Effects of leptin on spontaneous and evoked PSC amplitude were analyzed using a paired two-tailed t test. Measurements of five to 10 electrically evoked responses, not including failures, were used to obtain mean synaptic current amplitudes. Paired-pulse ratios were used as indirect measures of changes in the probability of release, in which a change in the amplitude ratio of the first to the second response to paired TS stimuli implicated a presynaptic site of action. Membrane potential values were compensated to account for junction potential (Ϫ8 mV). Results are reported as the mean Ϯ sem unless indicated otherwise; significance was set at P Ͻ 0.05 for all statistical measures.
Histology
Recorded neurons were identified as EGFP labeled as described previously (7, 16, 18 -21) via real-time visualization under fluorescent microscopy and/or via post hoc identification using the avidin-Texas Red reaction (Fig. 1) . Subsequent to recording, slices were fixed in 4% paraformaldehyde in 0.15 m sodium phosphate buffer overnight. After rinsing three times with 0.01 m PBS, slices with EGFP-labeled cells (i.e. PRV-152 labeled) containing recorded, biocytin-filled neurons were immersed in Texas Red-conjugated avidin (1:400; Vector Laboratories, Burlingame, CA) to visualize the filled neurons. Slices were then washed in PBS, mounted on glass slides, and visualized using epifluorescence illumination (Leica DMLB) and a Spot RT CCD camera (Diagnostic Instruments, Sterling Heights, MI) or a confocal microscope (Zeiss LSM 510 META).
Results

Effects of leptin on membrane potential
To analyze leptin effects on membrane potential, DMV neurons were recorded at rest in current-clamp mode. Alternatively, neurons recorded in voltage-clamp mode were monitored for changes in resting membrane potential by periodically removing voltage clamp (i.e. switch to I ϭ 0). Bath application of leptin (100 nm) caused a rapid (range, 2-10 min) membrane hyperpolarization of Ϫ8.6 Ϯ 0.7 mV from rest (Ϫ57.5 Ϯ 1.3 mV) in 31 of 62 unidentified DMV neurons (Fig. 2, A and B) . The membrane potential of the remaining neurons either depolarized (4.2 Ϯ 0.6 mV; n ϭ 9) or remained unchanged (Ϫ0.1 Ϯ 0.2 mV; n ϭ 22). Within a recording, the hyperpolarization was at least partially reversible within 15 min in 22 neurons. Application of different concentrations of leptin from 3-300 nm resulted in a concentration-dependent hyperpolarization of the membrane potential ( Fig. 2C ). In the presence of 2 m TTX, a hyperpolarization was induced by leptin (100 nm) in four of six cells (Ϫ6.3 Ϯ 2.1 mV; n ϭ 4; Fig. 2B ), indicative of a direct membrane hyperpolarization independent of action-potential-mediated synaptic transmission.
The amplitude of the hyperpolarization was plotted as a function of the resting membrane potential of each cell at the time of leptin application. Extrapolation of linear regression plots revealed an estimated reversal potential of Ϫ90 mV for the hyperpolarization, which is near the calculated K ϩ equilibrium (calculated E K ϭ Ϫ99.7 mV). Consistent with this analysis, the membrane potential of three DMV neurons was monitored after leptin application at three different membrane potentials, controlled with direct current injection through the recording pipette. The amplitude of the hyperpolarization was plotted as a function of the membrane potential during the 60 sec immediately preceding leptin application. Extrapolation of linear regression plots revealed an estimated reversal potential of Ϫ94.6 Ϯ 2.9 mV for the hyperpolarization in these neurons (n ϭ 3). This voltage was near the calculated K ϩ equilibrium potential of Ϫ99 mV and was more negative than the Cl Ϫ equilibrium potential of Ϫ83 mV. To further assess the involvement of Cl Ϫ in the leptininduced hyperpolarization, eight neurons were recorded with KCl in the intracellular pipette, which reversed and increased the driving force for Cl Ϫ by setting the Cl Ϫ equilibrium potential near 0 mV. Three of these neurons were recorded in current-clamp mode to assess membrane potential deflections, and the other five cells were recorded in voltage-clamp mode to evaluate changes in whole-cell current. In current-clamp mode, leptin superfusion resulted in a hyperpolarization in one of three neurons (4 mV). The remaining two neurons were unchanged. In voltage-clamp mode, leptin superfusion resulted in an outward current in two of five neurons, with no change observed in the remaining three cells. A large depolarization or inward current was never apparent when KCl was used in the recording pipette. In a separate set of recordings, Cs ϩ was used as the primary cation in the recording pipette, which effectively blocked all outward K ϩ currents. No change in membrane potential was observed in any neurons in which Cs ϩ was used as the major cation in the recording pipette (Ϫ0.2 Ϯ 0.1 mV; n ϭ 10; Fig.  2B ). Together, these data implicate K ϩ as the major cation responsible for the membrane hyperpolarization.
Obese Zucker rats (fa/fa) have a single point mutation in the long form of the leptin receptor (Ob-Rb), which suppresses activation of intracellular signaling cascades subsequent to leptin binding, whereas the homozygous (Fa/Fa) and heterozygous lean Zucker rats (Fa/fa) have functional Ob-Rb signaling. A hyperpolarization was observed after leptin application (100 nm) in three of four neurons from lean Zucker rats (Ϫ5.3 Ϯ 2.8 mV; n ϭ 3; Fig. 2B ). However, no effect of leptin on membrane potential was detected in any neuron from obese Zucker rats (Ϫ0.5 Ϯ 0.2 mV; n ϭ 5; Fig.  2B ), implicating the Ob-Rb in the response.
Leptin effects on neuronal excitability
In current-clamp configuration, rectangular current steps (400 msec; Ϯ10 -50 pA) were applied through the recording pipette to test the hypothesis that the leptin-induced hyperpolarization was associated with a modulation of neuronal excitability and/or input resistance. The hyperpolarization was accompanied by a 39% decrease in whole-cell input resistance, such that the input resistance was reduced from 614.5 Ϯ 79.5 M⍀ in control ACSF to 373.6 Ϯ 48.0 M⍀ in leptin (n ϭ 20 from unidentified neurons; P Ͻ 0.05, paired t test; Fig.  3 , A-C). Extrapolation of the slope conductance in control and leptin-containing ACSF revealed a reversal potential of Ϫ92.4 Ϯ 4.7 mV (n ϭ 20; Fig. 3B ), which is close to the calculated reversal potential for K ϩ . No change in input resistance was observed when Cs ϩ was included in the pipette (Fig. 3C ). Overshooting action potentials were evoked by applying depolarizing current steps (10 -20 pA) through the recording pipette. The leptin-induced hyperpolarization was accompanied by a decrease in action potential frequency in response to depolarizing current injection (Fig. 3D ). Furthermore, in cells that hyperpolarized, the decrease in action potential frequency occurred when the membrane potential was adjusted to preleptin level with direct current injection. Leptin therefore activated a membrane conductance (i.e. a putative K ϩ current) and decreased the excitability of DMV neurons.
Four neurons that were depolarized in response to leptin (100 nm) were subjected to a rectangular current step protocol (400 msec; Ϯ10 -50 pA) to obtain a current-voltage (I-V) plot. All four neurons exhibited an increase in the whole-cell input resistance suggestive of a decreased conductance (503.4 Ϯ 78.3 M⍀ in control ACSF; 644.4 Ϯ 86.7 M⍀ in leptin; n ϭ 4; P Ͻ 0.05, paired t test). Extrapolation of the I-V plot revealed a membrane potential dependence of the leptininduced depolarization that was near the reversal potential for K ϩ (Ϫ88.8 Ϯ 6.4 mV; n ϭ 4), suggesting leptin may have inhibited a tonically activated potassium conductance in this subset of DMV neurons.
Mechanisms of leptin-induced hyperpolarization
The data above suggested that leptin rapidly induced a K ϩ -dependent membrane hyperpolarization in the majority of rat DMV neurons. Previous studies have shown that leptin altered the membrane potential via activation of an ATPsensitive K ϩ conductance (7, 13, 14, 27) , which involved a phosphoinositide-3-kinase (PI3K)-mediated mechanism in hypothalamic cell lines (28) and in neurons from a slice preparation containing either the hypothalamus or the NTS (7, 27) . To investigate whether a similar conductance contributed to the leptin-induced hyperpolarization in DMV neurons, tolbutamide was used to block ATP-sensitive K ϩ channels, and the selective PI3K inhibitor wortmannin was used to test the contribution of PI3K to the leptin-induced hyperpolarization. In eight of 12 neurons tested, bath application of tolbutamide (200 m) did not result in a change in the membrane potential (Ϫ0.1 Ϯ 0.1 mV; n ϭ 8; Fig. 4D ). Superfusion of tolbutamide slightly depolarized the remaining subset of cells (2.8 Ϯ 0.4 mV; n ϭ 4). In current-clamp configuration, rectangular current steps (400 msec; Ϯ50 pA) were applied to the membrane to obtain a current-voltage (I-V) plot. Extrapolation of a linear regression revealed a membrane potential dependence of the tolbutamide-induced depolarization that correlated with the reversal potential for K ϩ (Ϫ90.8 Ϯ 4.9 mV; n ϭ 4), suggesting tolbutamide decreased a tonically activated potassium conductance in this subset of DMV neurons.
Leptin failed to hyperpolarize DMV neurons in any cells preexposed to tolbutamide (n ϭ 7; Ϫ0.2 Ϯ 0.2 mV; Fig. 4 , A and D), implicating an ATP-sensitive K ϩ channel in the response to leptin. Furthermore, tolbutamide was applied subsequent to leptin in four neurons to determine whether the putative K ϩ current activated by leptin would be affected. Tolbutamide reversed the leptin-induced hyperpolarization in each of the four neurons that had hyperpolarized in response to leptin, inducing a membrane depolarization (Fig.  4B) . Tolbutamide application also returned the whole-cell input resistance to 99.9% of the preexposure value to leptin (778.8 Ϯ 169.0 M⍀ in control ACSF, 462.0 Ϯ 114.9 M⍀ in leptin, and 778.2 Ϯ 149.9 M⍀ in leptin plus tolbutamide; Fig.  4E ). These data suggested that leptin hyperpolarized DMV neurons via activation of a K ATP channel.
When bath-applied at resting membrane potential, wortmannin (10 -100 nm) failed to influence the membrane potential of any neuron tested (0.3 Ϯ 0.2 mV change for 100 nm wortmannin; n ϭ 5; 0.5 Ϯ 0.6 mV for 10 nm wortmannin; n ϭ 7; Fig. 4D ). Wortmannin prevented the leptin-induced hyperpolarization in all 15 neurons tested at either 100 nm (n ϭ 8) or 10 nm (n ϭ 7; Fig. 4 , C and D), implicating involvement of PI3K in the leptin-induced membrane hyperpolarization. Together, these data suggested that the leptin-induced membrane hyperpolarization involved activation of an ATP-sensitive K ϩ channel via a PI3K-dependent mechanism in DMV neurons.
Leptin effects on membrane potential in gastric-related DMV neurons
Because leptin regulates feeding and ingestion in mammals, we tested the hypothesis that leptin would alter the membrane potential of central neurons most directly responsible for regulating gastric function. Gastric-related neurons were identified and targeted for recording after inoculation of the stomach wall with PRV-152 and subsequent retrograde labeling of DMV motor neurons, as previously described in detail (7, 18, 20, 21) . Leptin application (100 nm) caused a membrane hyperpolarization in five of eight neurons expressing EGFP after PRV-152 inoculation of the stomach (n ϭ 5; Ϫ7.0 Ϯ 1.2 mV; Fig. 2B ). Similar to unidentified DMV neurons, the membrane hyperpolarization was accompanied by a 45% decrease in whole-cell input resistance, such that the input resistance was reduced from 525.0 Ϯ 89.0 M⍀ in control ACSF to 287.6 Ϯ 37.9 M⍀ in leptin ( Fig. 3B ; n ϭ 5; P Ͻ 0.05, paired t test). A decrease in evoked action potential frequency was also observed, indicating that leptin suppressed the cellular activity of gastric-related DMV neurons. 
Leptin effects on spontaneous excitatory synaptic transmission
To describe the effects of leptin on excitatory synaptic activity, neurons were voltage-clamped at Ϫ65 mV, allowing for examination of spontaneous inward postsynaptic currents. As described previously (20, 21, 24, 25) , these inward postsynaptic currents were distinguished from small outward currents by their polarity, were blocked by CNQX and AP-5, reversed polarity near 0 mV, and thus were considered to be glutamatergic sEPSCs. The frequency of sEPSCs under normal conditions was 3.7 Ϯ 0.8 Hz (n ϭ 12). With a similar time course to the leptininduced membrane hyperpolarization (i.e. beginning Ͻ5 min after application), leptin (100 nm) decreased the frequency of sEPSCs in six of 12 DMV neurons in normal rats from 4.0 Ϯ 1.4 Hz in normal ACSF to 1.9 Ϯ 0.6 Hz in leptin (51% decrease; P Ͻ 0.05; paired t test; n ϭ 6; Fig. 5 ). Effects on sEPSCs were reversible within a recording for five of these neurons such that after washing to control ACSF, the frequency of sEPSCs was 4.0 Ϯ 2.2 Hz (n ϭ 5). Of the remaining neurons tested, the K-S test showed five of the six neurons were unaffected by leptin (8% decrease; 2.5 Ϯ 0.7 Hz in control ACSF to 2.3 Ϯ 0.5 Hz in leptin; n ϭ 5; P Ͼ 0.05). The remaining neuron exhibited a slight increase of sEPSC frequency in response to leptin (13% increase; n ϭ 1). The overall frequency of sEPSCs in the population was significantly reduced in response to leptin (38% decrease; 3.7 Ϯ 0.8 Hz in control ACSF to 2.3 Ϯ 0.6 Hz in leptin; n ϭ 12; P Ͻ 0.05; paired t test; Fig. 5C ), whereas the amplitude of sEPSCs was unaffected (2.6% increase; Ϫ19.0 Ϯ 1.1 pA in control ACSF to Ϫ19.5 Ϯ 1.7 pA in leptin; n ϭ 12; P Ͼ 0.05, paired t test; Fig. 5C ).
Leptin effects on miniature excitatory synaptic transmission
To investigate the possible location of receptors responsible for the decrease in sEPSC frequency, we analyzed the effect of leptin on miniature EPSCs (mEPSCs) in unidentified DMV neurons. In the presence of TTX (2 m), which blocked action-potential-dependent synaptic activity, mEPSC frequency was 2.7 Ϯ 0.6 Hz (n ϭ 8). In six of eight neurons, application of leptin (100 nm) significantly decreased the frequency of mEPSCs (38% decrease; 3.2 Ϯ 0.6 Hz in control ACSF to 2.0 Ϯ 0.5 Hz in leptin; n ϭ 6; P Ͻ 0.05, paired t test). No leptin-induced change in frequency was observed in one of the remaining cells (9% decrease; P Ͼ 0.05, K-S test), whereas the other cell irreversibly increased in frequency by 38%. Overall, leptin (100 nm) perfusion resulted in a significant reduction in the frequency of mEPSCs in DMV neurons (33% decrease; 2.7 Ϯ 0.6 Hz in normal ACSF to 1.8 Ϯ 0.4 Hz in leptin; P Ͻ 0.05, paired t test; n ϭ 8; Fig. 5C ), without an accompanying change in mEPSC amplitude (16.6 Ϯ 1.0 pA in normal ACSF to 16.4 Ϯ 1.0 pA in 100 nm leptin; P Ͼ 0.05, paired t test; n ϭ 5; Fig. 5C ). This implied that leptin acted at receptors on terminals presynaptic to the recorded neuron. There was no effect of leptin in the presence of tolbutamide. Downward deflections indicate responses to negative current injection steps. B, Current-clamp recording at resting membrane potential showing a leptin-induced hyperpolarization (100 nM). Leptin superfusion (represented by horizontal bar) resulted in a 15-mV hyperpolarization (peak ϭ Ϫ73 mV) from rest (Ϫ58 mV). Addition of tolbutamide (200 M) depolarized the cell by 15 mV, returning the cell to preleptin conditions. C, Currentclamp recording at resting membrane potential showing application of leptin (100 nM) in the presence of wortmannin (10 nM). There was no effect of leptin on membrane potential in the presence of wortmannin. D, Plot shows the lack of effect of tolbutamide or wortmannin on membrane potential in DMV neurons and also depicts the lack of a leptin effect when applied in the presence of tolbutamide or wortmannin (replicate number in parentheses above bars). E, Plot represents changes in whole-cell resistance in unidentified DMV neurons before, in leptin, and in the presence of leptin and tolbutamide. Asterisk indicates significant changes from control (P Ͻ 0.05, paired t test).
Leptin effects on spontaneous inhibitory synaptic transmission
To describe the effects of leptin on inhibitory synaptic activity, neurons were voltage clamped at Ϫ10 mV, allowing for examination of spontaneous outward postsynaptic currents. As described previously (20, 21, 24, 25) , these outward postsynaptic currents were distinguished from small inward currents by their polarity, were blocked by picrotoxin and bicuculline, reversed polarity near Ϫ70 mV, and thus were considered to be GABAergic sIPSCs. The frequency of sIPSCs under normal conditions was 2.4 Ϯ 0.6 Hz (n ϭ 12). Bath application of leptin (100 nm) resulted in a small decrease in the frequency of sIPSCs in only three of 12 DMV neurons in normal rats from 2.8 Ϯ 1.0 Hz in normal ACSF to 2.4 Ϯ 1.3 Hz in leptin (14% decrease; P Ͻ 0.05, K-S test; n ϭ 3). Leptin perfusion also resulted in an increased frequency of sIPSCs in three of 12 DMV neurons from 1.9 Ϯ 1.2 Hz in control ACSF to 2.8 Ϯ 1.5 Hz in leptin (32% increase; P Ͻ 0.05, K-S test; n ϭ 3), whereas the remaining six neurons were unaffected (6% decrease; 2.8 Ϯ 0.9 Hz in control ACSF to 2.7 Ϯ 0.8 Hz in leptin; n ϭ 6; P Ͼ 0.05, paired t test). Overall, leptin (100 nm) failed to influence the frequency of sIPSCs in DMV neurons (2.4 Ϯ 0.6 Hz in normal ACSF to 2.4 Ϯ 0.5 Hz in leptin; P Ͼ 0.05, paired t test; n ϭ 12; Fig. 6C ). Leptin also failed to affect the amplitude of sIPSCs (4% from control; P Ͼ 0.05, paired t test; n ϭ 12; Fig. 6C ). These data indicated that leptin had no consistent effect on inhibitory synaptic input to DMV neurons.
Effects on synaptic transmission electrically evoked from the NTS
We previously showed a relatively selective inhibition of glutamatergic, but not GABAergic, synaptic activity within the NTS by leptin and a lack of leptin effects on identified GABAergic neurons in the nucleus (7) . A concentric bipolar stimulating electrode (125 m diameter) was placed over the NTS to test the hypothesis that leptin suppresses excitatory but not inhibitory synaptic input to DMV neurons. As previously described, excitatory currents (EPSCs) were evoked from the NTS when DMV neurons were recorded in voltage clamp at hyperpolarized holding potentials, whereas inhibitory currents (IPSCs) were evoked from the NTS when DMV neurons were recorded at depolarized holding potentials (20, 24) . Subsequent to NTS stimulation (Vm ϭ Ϫ65 mV), six neurons from unidentified rats received electrically evoked, constant-latency-evoked EPSCs. Leptin reversibly diminished the amplitude of constant-latency-evoked EPSCs in five of six neurons from Ϫ89.8 Ϯ 8.2 pA in control ACSF to Ϫ67.8 Ϯ 8.7 pA in leptin (25% decrease; n ϭ 5; P Ͻ 0.05, paired t test; Fig. 7, A-C) . All neurons were recorded using Cs ϩ as the primary intracellular cation, suggesting the effect of leptin on evoked EPSC amplitude was not due to a change in input resistance in the DMV neuron caused by postsynaptic leptin receptor activation. The paired-pulse ratio was examined to assess whether leptin may have acted presynaptically to suppress constant-latency EPSCs. Stimuli paired at 25-50 Hz revealed a paired-pulse depression in EPSC amplitude, where the amplitude of the second evoked EPSC was smaller than the first evoked EPSC. Bath application of leptin suppressed the amplitude of the first evoked EPSC to a larger degree than the second in all affected cells, revealing an increase in the paired-pulse ratio from 0.74 Ϯ 0.02 in control ACSF to 0.96 Ϯ 0.09 in leptin (n ϭ 5; P Ͻ 0.05, paired t test; Fig. 7D ). These data indicated that leptin decreased excitatory input within the DMV evoked by stimulation of the NTS.
The effects of leptin on evoked IPSCs presynaptic to the recorded neuron were examined in 10 neurons that received constant-latency IPSCs after stimulation of the NTS (Vm ϭ Ϫ10 mV). The average amplitude of the evoked IPSCs was 94.8 Ϯ 10.3 pA (Vm ϭ Ϫ10 mV; n ϭ 10). Leptin (100 nm) perfusion irreversibly enhanced the amplitude of evoked IPSCs in one neuron (19.7% from control; 131.8 pA in control ACSF to 167.3 pA in leptin-containing ACSF) but reversibly suppressed the amplitude in another two unidentified neurons (35 and 18% decrease; n ϭ 2). Leptin (100 nm) failed to affect the amplitude of electrically stimulated IPSCs in the remaining eight neurons (7% decrease; 95.2 Ϯ 13.0 pA to 94.5 Ϯ 13.2 in leptin; n ϭ 8; P Ͼ 0.05, paired t test). Cumu- latively, leptin failed to influence the amplitude of NTSevoked IPSCs within the entire population of DMV neurons recorded (2% decrease; 94.8 Ϯ 10.3 pA in control ACSF to 92.9 Ϯ 13.7 pA in leptin; n ϭ 10; P Ͼ 0.05, paired t test; Fig.  7 , E and F).
Effects on synaptic transmission evoked from the NTS using glutamate photolysis
Electrical stimulation results in depolarization of cell somata within the NTS and could also activate fibers of passage traversing the NTS (20, 24) . To test the effects of leptin more conclusively on the connections arising from intact neurons in the NTS that project to the DMV, we used glutamate photostimulation to focally release glutamate at discrete sites in the NTS while recording responses in the DMV. As previously described, focal uncaging of glutamate in the NTS results in increased EPSC frequency, which is easily observed at holding potentials slightly negative to rest, and focal uncaging of glutamate in the NTS results in increased IPSC frequency, which is readily observed at more depolarized holding potentials (20, 24) . The glutamate photolysis-evoked increase in PSC frequency was abolished when the slice was bathed in TTX, suggesting that these observed responses were due to a glutamate-induced depolarization of NTS neurons, resulting in increased action potentials in intact projections to the DMV and not simply increased transmitter release caused by activation of receptors on terminals (20, 24) . In the presence of picrotoxin, the frequency of EPSCs during the 500-msec interval before glutamate uncaging was 5.0 Ϯ 0.5 Hz (Vm ϭ Ϫ65 mV; n ϭ 5). Leptin application resulted in a 38% decrease in the frequency of prestimulus EPSCs (5.0 Ϯ 0.5 Hz in control ACSF to 3.1 Ϯ 0.7 Hz in leptin; n ϭ 5; P Ͻ 0.05, paired t test). Focal uncaging of glutamate within the NTS induced a transient increase in frequency of EPSCs within DMV neurons from 5.0 Ϯ 0.5 Hz before glutamate photolysis to 8.8 Ϯ 0.8 Hz after glutamate uncaging (n ϭ 5), which typically lasted for 0.5-1.5 sec post stimulus (Fig. 8,  A-C) . Superfusion of leptin resulted in a 46% decrease in the glutamate photolysis-induced EPSC frequency (8.8 Ϯ 0.8 Hz in control ACSF to 4.8 Ϯ 1.0 Hz in leptin; n ϭ 5; P Ͻ 0.05, paired t test). Correcting for sEPSC frequency before glutamate photolysis revealed a glutamate photolysis-evoked EPSC frequency within DMV neurons of 3.8 Ϯ 0.4 Hz (n ϭ 5). Leptin application resulted in a 51% reduction in the frequency of glutamate photolysis-evoked EPSCs from 3.8 Ϯ 0.4 Hz in control ACSF to 1.9 Ϯ 0.5 Hz in leptin (n ϭ 5; P Ͻ 0.05, paired t test; Fig. 8D ).
The frequency of IPSCs during the 500-msec interval before glutamate uncaging was 2.8 Ϯ 0.8 Hz (Vm ϭ Ϫ10 mV; n ϭ 5). Leptin application did not affect the frequency of prestimulus IPSCs (2.8 Ϯ 0.8 Hz in control ACSF to 2.6 Ϯ 0.8 Hz in leptin; n ϭ 5; P Ͼ 0.05, paired t test). Focal uncaging of glutamate within the NTS resulted in an increased frequency of IPSCs within DMV neurons from 2.8 Ϯ 0.8 Hz before glutamate photolysis to 10.1 Ϯ 2.2 Hz (n ϭ 5), which typically lasted for 0.5-2.0 sec post stimulus (Fig. 8E) . The frequency of glutamate photolysis-induced IPSCs remained unchanged in response to leptin (10.1 Ϯ 2.2 Hz in control ACSF to 10.2 Ϯ 2.6 Hz in leptin; n ϭ 5; P Ͻ 0.05, paired t test).
Correcting for sIPSC frequency before glutamate uncaging revealed a glutamate photolysis-evoked IPSC frequency within DMV neurons of 7.3 Ϯ 2.3 Hz (n ϭ 5). Leptin failed to influence the frequency of glutamate photolysis-evoked IPSCs from 7.3 Ϯ 2.3 Hz in control ACSF to 7.6 Ϯ 2.4 Hz in leptin (6% increase; n ϭ 5; P Ͼ 0.05, paired t test; Fig. 8F ). These data indicated that leptin potently suppressed EPSCs arising from intact neurons in the NTS to the DMV but had no effect on IPSCs originating from NTS neurons.
Mechanism of effects on synaptic transmission
DMV neurons were exposed to tolbutamide or wortmannin to determine whether leptin suppressed excitatory synaptic input via a mechanism similar to its effects on membrane potential. In these experiments, cesium was the primary intracellular cation to block K ϩ conductance changes, whereas TTX (2 m) and picrotoxin (50 m) were used to isolate effects on terminal release and occlude circuitdependent changes in GABA A channel binding, respectively. In the presence of tolbutamide (200 m), leptin (100 nm) failed to influence the frequency of mEPSCs (Ϫ4% from control; from 2.8 Ϯ 0.5 Hz in ACSF containing tolbutamide to 2.7 Ϯ 0.5 Hz in ACSF containing both leptin and tolbutamide; n ϭ 5; P Ͼ 0.05, paired t test). The amplitude of mEPSCs was also unaffected when in the presence of tolbutamide (1% from control; from 23.0 Ϯ 1.8 pA in ACSF containing tolbutamide to 23.5 Ϯ 2.2 pA in ACSF containing both leptin and tolbutamide; n ϭ 5; P Ͼ 0.05, paired t test). In the presence of wortmannin (10 -100 nm; n ϭ 10) or LY294002 (10 m; n ϭ 3), leptin (100 nm) failed to influence the frequency of mEPSCs in any cell tested (6% from control; from 1.6 Ϯ 0.9 Hz in ACSF containing 100 nm wortmannin to 1.7 Ϯ 0.9 Hz in ACSF containing both leptin and wortmannin; n ϭ 5; P Ͼ 0.05, paired t test). Leptin also failed to influence the amplitude of mEPSCs in the presence of wortmannin (1% from control; from 20.1 Ϯ 1.7 pA in ACSF containing wortmannin to 20.4 Ϯ 2.0 pA in ACSF containing both leptin and wortmannin; n ϭ 5; P Ͼ 0.05, paired t test). These data suggest that leptin suppressed excitatory synaptic activity via a mechanism similar to the leptin-induced membrane hyperpolarization.
Previous studies indicate that K ATP channels may be responsible for suppression of synaptic activity at the terminals within several brain areas (7, 29 -31) . Slices were also perfused with the selective K ATP channel agonist diazoxide to test whether activation of an ATP-sensitive K ϩ conductance on terminals presynaptic to the recorded neuron could suppress excitatory synaptic activity within the DMV. In the presence of TTX (2 m), picrotoxin (50 m), and internal Cs ϩ , application of diazoxide (200 m) alone resulted in a reduction of mEPSC frequency in each of three DMV neurons tested (25% decrease; from 3.2 Ϯ 0.8 Hz in control ACSF to 2.4 Ϯ 0.3 Hz in the presence of diazoxide; P Ͻ 0.05, paired t test). However, diazoxide failed to influence the overall amplitude of mEPSCs in affected cells (18.7 Ϯ 1.5 pA in control to 17 Ϯ 1.6 pA in diazoxide; P Ͼ 0.05, paired t test). These data support the finding that K ATP channel opening suppressed glutamate release at the terminals presynaptic to the recorded DMV neuron.
Glucose sensitivity of the leptin effects
Insulin and leptin both inhibit hypothalamic neurons via a PI3K-mediated activation of K ATP channels in 10 mm glucose (13, 14) . However, recent evidence suggests that insulin (and possibly leptin) effects may be glucose sensitive (32) . Therefore, we examined the effect of leptin on the membrane potential of DMV neurons in 2.5 mm glucose to determine whether glucose concentration qualitatively affected the leptin response. As previously noted (33), storage of slices for an extended period of time in 2.5 mm glucose was detrimental to cell viability. So, slices were stored in ACSF containing 11 mm glucose until they were transferred to the recording chamber, at which time the slices were superfused with ACSF containing 2.5 mm glucose with equiosmolar substitution of sucrose for 30 min. In 2.5 mm glucose, leptin hyperpolarized three of five DMV neurons by 5.1 Ϯ 2.1 mV. The remaining two neurons were depolarized in response to leptin superfusion (4 mV each). We also assessed the ability of wortmannin (10 nm) to suppress the leptin effect in DMV neurons. Perfusion of leptin (100 nm) failed to influence the membrane potential of any DMV neuron in 2.5 mm glucose that was also preexposed to wortmannin (10 nm; n ϭ 5). These data indicate that at 2.5 mm glucose, leptin results in a PI3K-mediated membrane hyperpolarization that mimics the effects observed at 11 mm glucose. The effects of leptin on sEPSC frequency were also examined in 2.5 mm glucose (n ϭ 7). In these cells, leptin (100 nm) significantly decreased sEPSC frequency in four neurons (18 -43% decrease in sEPSC frequency; P Ͻ 0.05, K-S test), increased frequency in one cell, and had no effect in the remaining two neurons.
Discussion
The predominant nature of the effect of leptin in the DMV was inhibitory, acting to hyperpolarize neurons, diminish their responsiveness, and decrease excitatory synaptic inputs. These effects are summarized in Fig. 9 , which indicates the effects shown in the present study in combination with those from our previous work (7) . These effects may be prominent during vagal reflex activation, when glutamatergic viscerosensory afferents and NTS-to-DMV synaptic connections are modulated. A minority of neurons did not respond to leptin, and an even smaller minority were depolarized by the peptide, which is consistent with the observation that leptin induced c-fos expression in only about 10% of neurons in the DVC (34) . The effects of leptin occurred with an onset less than 5 min, similar to several of those effects observed in hypothalamic and brainstem neurons (7, 13, 15) but much shorter than the time frame used for most analyses of leptin effects on feeding in intact animals. Unlike some reports on inhibitory leptin responses (13) , but similar to others (7, 35) , these effects were concentration dependent and fully reversible, suggesting that leptin is a fully reversible agonist at its cognate receptor in the vagal complex. Similar to reported leptin effects within the NTS (7), leptin predominately induced a membrane hyperpolarization by activating a K ATP conductance. Effects were evident in a subset of neurons identified as gastric related via the use of retrograde viral tracer PRV-152. We previously reported an absence of leptin effects in a subset of identified GABAergic neurons within the NTS (7). In agreement with this finding, leptin's effects were not observed on inhibitory synaptic inputs to DMV neurons. This finding suggests a relatively selective action for leptin to inhibit excitatory, putatively glutamatergic neurons in central vagal circuits. The inhibition of K ATP channels on glutamatergic neurons or terminals, in combination with inhibition of DMV neurons, suggests a role for leptin in potently inhibiting vagally mediated visceral motor activity.
Membrane effects
Previous studies of neurons in several brain regions have shown a leptin-induced membrane hyperpolarization due to activating a K ϩ conductance via a PI3K-dependent mechanism, including a leptin-induced activation of a K ATP conductance in NTS neurons (7, 36, 37) . Preapplication of tolbutamide prevented the leptin-induced hyperpolarization in DMV neurons. Furthermore, tolbutamide reversed the leptin-induced hyperpolarization, indicating that leptin enhanced the conductance of an ATP-sensitive K ϩ channel. Preapplication of wortmannin or LY294002 prevented the leptin-induced hyperpolarization, suggesting that PI3K activation was necessary in the intracellular cascade mediating the response within the DMV. This hyperpolarization was not observed in obese Zucker rats (fa/fa), which have a single point mutation in the long form of the leptin receptor (Ob-Rb), resulting in a reduced activation of intracellular signaling cascades subsequent to leptin binding (7, 38 -43) . Leptin therefore appears to hyperpolarize DMV neurons subsequent to binding the type I cytokine receptor, Ob-Rb, which then activates a K ATP channel via a PI3K mechanism.
Most DMV neurons are continuously active at rest (i.e. they fire action potentials). Leptin application hyperpolarized most neurons in the DMV and decreased the action potential frequency. The hyperpolarization was accompanied by a decrease in whole-cell input resistance, which resulted in a decrease in cellular responsiveness. In agreement with a decreased cellular sensitivity, a reduction in action potential frequency was observed when DMV neurons were exposed to depolarizing current injection subsequent to leptin superfusion. Thus, elevated leptin levels within the DMV may result in a silencing of autonomic motor activity, and this effect includes inhibiting neuronal activity related to gastric control.
The effects of leptin were observed in solutions containing 2.5 or 11 mm glucose, indicating that glucose concentration in this range did not qualitatively alter the effect of leptin. This is important because a few recent studies have examined the sensitivity of neurons in the DVC to extracellular glucose concentrations (33, 44) . However, direct effects of glucose on DMV vs. NTS neurons remains unclear. A small portion (ϳ20%) of neurons in the vagal complex responded to reducing glucose levels either by a depolarization (ϳ10%) or a hyperpolarization (ϳ10%) of the membrane potential (33) . Although the hyperpolarization induced by lowering glucose concentration was attributed to activation of a K ATP conductance, low glucose (2 mm) was sufficient to maintain K ATP channel closure and prevent fluctuations in the membrane potential in response to reducing glucose levels. A separate study reported that increasing glucose from 5 to 15 and/or 30 mm resulted in an outward current in DMV neurons (44) . However, this outward current could be blocked with TTX, implicating modulation of afferent neurons, possibly GABAergic NTS neurons synaptically linked to the DMV, and not a direct membrane current in DMV neurons. Our data and previous literature suggest that glucose levels within the range of 2-11 mm fail to influence the leptin- induced hyperpolarization within the DMV. Additional studies will be required to determine whether extracellular glucose concentration quantitatively enhances or diminishes the amplitude of the response to leptin.
Synaptic effects
Glutamate is released within the DMV from terminals of NTS neurons (20, 24, 25) , and probably also from terminals originating from neurons elsewhere in the brain or from TS (45) . Bath application of leptin suppressed the frequency of spontaneous glutamatergic EPSCs in the DMV. Moreover, leptin suppressed the frequency, but not amplitude, of mEPSCs, implying a presynaptic action on terminals in apposition to DMV neurons. Previous studies have implicated K ATP channels in modulating both actionpotential-dependent and -independent synaptic transmission (7, 29 -31) . Preapplication of wortmannin and tolbutamide prevented the leptin-induced suppression of mEPSCs, implying a PI3K-activated K ATP channel in the response. Leptin also suppressed the amplitude of constant-latency EPSCs evoked after stimulation of NTS, indicating that it suppressed glutamate-mediated input. There was a consistent increase in the paired-pulse ratio, which also argues for a presynaptic site of action at the level of terminals in the DMV. Notably, sIPSCs were largely unaffected by leptin. Superfusion of leptin resulted in a decrease in the frequency of glutamate photolysisevoked EPSCs within the DMV, suggesting actions on circuits originating in the NTS. However, the frequency of glutamate photolysis-evoked IPSCs was not affected by leptin. These data are in agreement with the observed lack of membrane effects of leptin in GAD67/EGFP-expressing NTS neurons in mice (46) , further indicative of a phenotypic effect of leptin on glutamatergic circuits in the vagal complex. The synaptic effects of leptin in the DMV appear to be due to hyperpolarization of glutamate neurons in the NTS and/or inhibition of glutamate release from synaptic terminals contacting DMV neurons.
The DVC and energy balance
Leptin receptors are expressed widely in autonomic centers implicated in regulating ingestive behaviors, including the vagal complex and several hypothalamic sites. Recent studies have implicated the body weight and food intake effects of leptin are resultant to leptin actions over a population of leptin-responsive cells, which may include neurons of the DVC in addition to hypothalamic neurons (2-4, 7) . The DVC is a critical modulator of visceral function. As previously discussed, DMV motor neuron activity has been linked with behaviors related to feeding and satiety (7) . Briefly, classical enhancement of feeding behavior is directly associated with increases in DMV motor activity, whereas satiety is directly correlated with decreases in DMV motor activity (47, 48) . However, these responses may not be apparent due to the involvement of different pathways in gastric control at the level of the stomach and other viscera [e.g. the inhibitory non-adrenergic non-cholinergic (NANC) and excitatory cholinergic pathways]. Leptin induced a membrane hyperpolarization in a majority of DMV neurons and suppressed excitatory, but not inhibitory, synaptic activity within the DMV. This cellular inhibition resulted in a suppression of DMV neuron activity, including in gastric-related neurons, and classically would be expected to decrease gastric motility and/or reflex responses as has been previously observed in rats (49) . Interestingly, peptides associated with orexigenic behavioral responses (e.g. hypocretin) often result in excitation of these same motor neurons (20) , so cellular inhibition by leptin and anorexigenic peptides might be predicted. The ability of leptin to rapidly alter cellular activity within the DVC (i.e. NTS and DMV) probably reports a much faster feedback response to changing leptin levels than has been previously appreciated. These rapid effects can now be directly associated with neurons related to feeding and ingestion.
Similar to effects observed in diencephalic areas, alterations in insulin or glucose levels may also result in a modulation of an ATP-sensitive K ϩ conductance within the DVC (33, 50) . In accordance with these observations, we found that application of tolbutamide, which mimics elevated glucose levels by closing ATP-sensitive K ϩ channels, failed to influence the membrane potential of most DMV neurons. This suggested that unlike in NTS neurons, ATP-sensitive K ϩ channels do not contribute to the resting membrane potential in most DMV cells (7) . A leptininduced activation of an ATP-sensitive K ϩ channel within the NTS and DMV is analogous to effects of lowering glucose in the vagal complex (44) . Previous data show that glucose fails to excite most neurons within the DMV and that NTS neurons may be more sensitive to glucose-induced excitation (33, 44, 51) . Although we did not detect a qualitative difference in leptin response in 2.5-11 mm glucose, it remains possible that the transient effects of leptin provide a mechanism for leptin regulation during changing energy needs. This may imply that leptin's effects within the vagal complex are not all or none. Due to a possible common cellular target of these homeostatic regulators within the vagal complex (i.e. K ATP channel), the leptinactivated K ATP conductance observed here may instead be a substrate for insulin and glucose actions during changing energy needs. Correspondingly, the use of a common ionic mechanism for glucose-and leptin-sensing NTS neurons may be related to the proposed interactions between leptin and other regulators of energy, including glucose metabolism (52) . The presence of leptin would thus prime DMV neurons, making them more responsive to changing glucose levels.
In all, leptin suppression of DMV motor activity may result in a decrease in gastric motor tone and subsequent satiety. Additionally, leptin suppression of activity within the DVC may be more closely related to autonomic effects of leptin on blood pressure, glucose production, and/or insulin sensitivity (44, 52, 53) . Because of the increased incidence of various disease states such as obesity and diabetes, future studies will likely be focused on determining the effects of several metabolic cues and their integrative role within autonomic centers such as the DVC. Determining how metabolic cues affect neuronal activity and how these cues integrate activity within and across multiple central areas involved in energy homeostasis is critical for understanding autonomic and metabolic dis-orders such as diabetes, obesity, and hypertension that are increasingly affecting society.
